The latter, however, gives the two equations just quoted only as one alternative; the second alternative is a singularity in the (2-functions. If the first alternative is correct, it means that in the case of superstructure the (2-functions converge so badly that I failed to find the positive root £ of the equations (4).
& Ubbelohde 1939), attention had been drawn to the interesting information pro vided by data on the thermal expansions of single crystals of known structure, when this structure is complex. By comparing the thermal expansion in different direc tions in a crystal, important conclusions can be drawn in certain cases about the molecular movements and forces in the crystal lattice.
The object of the present paper is to describe apparatus, by the use of which all the special photographic methods elaborated for single crystal work can be applied to accurate measurements of the thermal properties of crystals. In order to extend the range of temperatures as much as possible, measurements have been made in the first instance on a number of phthalocyanines and porphins, whose structure had been previously investigated in this laboratory. The conclusions from these measurements are discussed below.
D e s c r i p t i o n o f t h e a p p a r a t u s
In order to achieve the flexibility of photographic work which is desirable for measurements on single crystals, it was decided to avoid the construction of instruments in which the high temperature furnace and the precision camera are incorporated in one apparatus. (A number of such instruments are referred to in Annual Reports 1939.)
The constant temperature chamber A small constant temperature chamber was therefore constructed, of total volume about 2-5 c.c., which could be lowered over the crystal after all the necessary setting adjustments had been made, and which could be used with the precision cameras previously described (Robertson 1934 , Ubbelohde 1939 . The small size of the chamber made it possible to bring the slit system of the collimator within 10 mm. of the crystal, and its low heat capacity enabled the required temperature to be reached within a conveniently short time. Starting from room temperature, the furnace attained a steady state at 400° C within 10-15 min. Figure 1 gives a diagram of the construction of the chamber and figure 2 shows its general appearance in conjunction with the oscillating moving film camera referred to below. The shell of the chamber consists of a steel cylinder turned down to a thickness of about 0 5 mm. A central segment 5 mm. high is cut away, except for two supporting ribs, to permit free passage of X-rays over approximately 320° of the circle. The top of the cylinder is closed, and is held by a thin metal tube (to minimize heat losses) in a stand with an adjustable arm. The chamber could thus be placed in position over the crystal, and lowered vertically into position by means of a fine screw adjustment. A small plumb line was used to test the vertical alignment.
To improve the uniformity of temperature within this chamber, the segment from which the steel had been cut away was closed by a series of thin plates of metallic beryllium, each 6-7 mm. square, and overlapping slightly on the neighbouring plates.
(These plates were selected from beryllium in the form of 'flitterchen as supplied by Th. Schuchardt.) A trace of sodium silicate was used to cement the plates to the edges of the steel, above and below the segment cut out. The steel parts of the chamber were next covered with mica, and wound with nichrome wire set in alundum + sodium silicate. Aluminium foil was stuck on the outside of this cement to lessen radiation losses. This furnace dissipated about 28 watts a t 500° C, and could be used for precise single crystal work even at a distance of about 4 cm. from the X-ray film, without requiring special precautions against film fogging by the radiation. In order to calibrate the chamber, it was heated by the steady current from a set of accumu lators, measured on a sub-standard ammeter. The temperature reached with various heating currents was determined, using a calibrated copper constantan thermocouple. The use of a thermocouple was preferred to observations on the melting of known crystals, as it permitted exploration of the temperature gradients within the chamber. The maximum gradient observed near the centre of the furnace, when this was around 400° C, was 0*5° C/mm. On removing the furnace, and then replacing it, the temperature was reproduced to ± 1° C. In fact, this small all metal chamber behaved like a black body enclosure. Provision was originally made for closing the orifice a t the bottom with a loose fid, after inserting the crystal, bu t this was found to be unnecessary within the limits of temperature indicated.
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In measuring the temperature of the air space within the chamber, the hot junction of the thermocouple could be placed a t the position subsequently occupied by the crystal; some uncertainty might however arise owing to conduction of heat by the leads. This was investigated by placing various lengths of the coiled leads within the chamber before bringing them outside, and verifying th a t the temperature recorded by the hot junction was not appreciably affected by the length of the coil. Further tests were made by heating the thermocouple leads outside the chamber with an auxiliary 'guard ring' furnace, and observing th a t various guard ring temperatures had little effect on the temperature recorded by the hot junction. Thus the true temperature of the air space inside the chamber was being measured. The temperature in this air space was found to be approximately proportional to the wattage dissipated.
Acknowledgement is due to the late Mr C. H. Jenkinson for his help in achieving the compactness of this constant temperature chamber. By using it, therm al ex pansions of single crystals have been measured over the range from room tem perature up to 400° C. Higher temperatures could have been used, but above 400° C the phthalocyanine crystals sublimed too rapidly to permit accurate photography with the X-ray intensities available.
For thermal expansions below room temperature, a design to give corresponding precision has not yet been p u t into execution, owing to current conditions. The low temperature measurements recorded below were made, using the dropping liquid oxygen technique previously described (Robertson & Ubbelohde 1939) . To protect the crystals, these were sealed in cellophane tubes (Lonsdale & Smith 1941) . In some cases, these tubes were observed to fill with liquid oxygen; this verified th a t the temperature of the crystals must have been around -180° C, though the accuracy of this temperature cannot be closely assessed.
A n oscillation moving film camera
In addition to the moving film and multiple exposure cameras referred to above, a modification of the moving film camera was constructed, in which the crystal and film could be oscillated in phase through a range of angles from five to fifteen degrees, instead of rotating through the whole 360°. This had the advantage of shortening the exposure, since only selected reflexions in the zero layer fine were recorded. A part from changes in the gearing, no new mechanical feature was involved in the design of this camera. A general view is given in figure 2 .
The general principles in applying this camera to measurement of therm al expan sions correspond with those previously described for the multiple exposure camera (Ubbelohde 1939). A series of exposures could be taken on the same film, alternately a t high temperatures and a t room temperatures. Small relative movements of reflexions on this film, due to thermal expansion, could be measured with an accuracy of 0-05 mm. As previously described, possible errors in the mechanical adjustments of the camera were tested by direct photographic means, and were found not to give any spurious displacements of reflexions, greater than the experi mental errors of film measurement. The reflexions were calibrated as previously described, and variations in film shrinkage, as determined with a platinum sub standard, were found to be negligible.
With this type of camera, the definition of the reflexion on the film is a function of the Bragg angle. The accuracy of measurement depends on the shape, as well as on the actual displacement of a reflexion due to thermal expansion. This was taken into consideration in selecting a suitable inclination of the film to the primary X-ray beam. In addition to the tables giving the positions of the reflexions in terms of this inclination, it was found convenient to draw up tables giving in terms of sin 0, for various inclinations of the film holder.
Mounting and setting of the crystals
Some care was required to make mountings sufficiently robust to w ithstand temperature changes without an accompanying change in setting of the crystals. For work at low temperatures a solution of medium viscosity of cellulose acetate in amyl acetate, or alternatively of bakelite varnish in acetone, could be used to cement the crystal to the supporting fibre. Above room temperature, bakelite solution could be used up to about 300° C; above this temperature, it was necessary to use a silicate dental cement, which was less easy to manipulate. Supporting fibres with negli gible absorption for X-rays were made by drawing down one end of thin pyrex tubing to a diameter of about 0*02 mm., and cementing a copper wire into the other end, for fixing on the arcs.
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To investigate the scope of the single crystal measurements, the thermal expan sion of a number of phthalocyanines and related crystals was selected for in vestigation: (1) in view of the large temperature range over which measurements could be made; (2) in view of the comparative information to be obtained from a number of closely related structures, in which the mass of the molecule could be varied considerably by changing the central atom, without affecting the general character of the crystal forces. Measurements were made on hydrogen and copper phthalocyanines, whose structures closely resemble th at of the nickel compound (Robertson 1936 , Robertson & Woodward 1937 , and also on the related crystals of different cell dimensions, platinum phthalocyanine and tetrabenzmonazoporphin (Robertson & Woodward 1940 , Woodward 1940 .
Intensities of X-ray reflexions
A practical difficulty with these crystals was the 'fading' of reflexions with sind> 0-5, even at temperatures as low as 200° C. In consequence, the largest dis placement of reflexions which could be recorded on the films did not exceed 2 mm. Detailed analysis of the temperature factors for various reflexions is of considerable interest, on account of the information such an analysis might give about the amplitudes of atomic vibrations in various directions in a complex crystal structure (Annual Reports 1939, p. 156) . On account of the additional labour involved, exact intensity measurements have not been attem pted in connexion with the experi ments on thermal expansion described in the present paper. Using Ir = I0e~2M, where M = 8n2 sin2 dyf^/X2, the ratio ITJ ITl has been calculated from rough visual estimates of the fading, for the temperature ranges indicated below. From ten to twenty observations were made on different reflexions for each of the compounds studied. The random errors obliterate any directional effects which may be esta blished when more accurate intensity measurements are available.
In calculating the following amplitudes, no distinction has been made between the different contributions from different atoms to the reflexions. In the case of the platinum phthalocyanine, the amplitude can be regarded as substantially th a t of of the platinum atom, in view of its dominant contribution to the reflexions. W ith the other compounds, the amplitude represents an average for the various atoms in the molecule. 
Linear expansions of the crystals on heating
On heating, the crystals of the phthalocyanines became brittle, and thinned by sublimation, particularly normal to the (001) plane. Owing to the fact th a t the crystals form long thin laths, and owing to the fact th a t strong reflexions of small spacing occur only for low values of 1c, measurements were most accurate in the case of oscillations about the b axis. Measurements in directions lying outside the ac plane were made only in the case of hydrogen and platinum phthalocyanine.
The crystals of tetrabenzmonazoporphin did not appear to become brittle on heating.
The large number of measurements made on the linear expansions of the crystals can be compactly presented in the form of table 2, giving the increments of the principal axes of the expansion ellipsoid.
Data were insufficient for computation of the probable errors in a 22 according to standard theory. A rough estimate is 104a 22 = T 14 + 0T for P t phthalocyanine.
The following comments may be made on the results given in table 1 and table 2. (1) Relation between the expansions of various crystal planes. In a monoclinic crystal, one of the principal axes of the expansion ellipsoid coincides with the b axis, and the positions of the remaining axes a n , a 33 in the (010) plane have to be determined experimentally. If \jf is the angle between th and the direction of the principal expansion axis a n , the expansion in any direction making an angle £ with the c axis is given by cl' = A + where tan 2 \jr -C\B\ a n = A + B j
The values of A , B and G in the above were calcu of a'. Each separate reflexion was measured on one or more independent films; the number of independent observations used to establish the fine of closest fit is given in the first column of table 2. Standard probability theory gave the errors in and G. The probable errors in a n , a 33, and xjr cannot be related to the probable errors in A , B and C by simple theory. Limiting values greater than the actual probable errors are therefore inserted in table 2.
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T a b l e 2. M e a n e x p a n s i o n / 0 C a l o n g t h e p r i n c i p a l (2) Effect of temperature on thermal expansion. Comparison of the expansion for any one crystal over various temperature ranges shows th at some falling off in a n and a 33 takes place between 290 and 90° K. If the Debye Waller theory is applied to the fading in intensities with rise of temperature, the 6 temperature of all the crystals can be calculated to be of the order of 180° K. With such complex crystals, the theory is probably only a rough approximation. I t does, however, indicate th at some falling off in expansion coefficients should occur below 180° K, in agreement with the experimental observations.
AXES OF THE EXPANSION

(3)
Correlation of overall expansion of the crystals with changes in the space occupied by the molecules. I t was shown by Robertson (1936 Robertson ( , p. 1203 ) th a t the orientation of the phthalocyanine molecule, the position of whose centre is determined by the crystal symmetry, can be conveniently described by the position of three m utually perpendicular lines L, M , N in the molecule, the 'molecular axes'. L and M He in the plane of the molecule, and the coordinates of the atoms referred to these axes show approximately a fourfold symmetry.
A general picture of the relationship between the individual molecules and the crystal expansion can be obtained from inspection of the scale drawings, figures 3, 4, 5 and 6, which give the expansions in the directions shown, as calculated from the known maxima a u , a 22, a 33, and the known value of \Jf. There is a marked change in the behaviour on heating of the phthalocyanine molecules, when the central hydrogen atoms are replaced by platinum. (Compare figure 3 with figure 4 ; and figure 5 with figure 6.)
Detailed analysis of the.difference would have to be based on a complete correla tion of the changes in cell dimensions on heating, with the expansions 8M, 8N per unit length of the molecular axes, and changes in the orientation of the molecules by rotations 80L, 80M, 86N about L, M and Since one of the param expansion elhpsoid in the case of a monoclinic crystal is determined by crystal symmetry, only five equations are available to determine these six quantities. From the details of a typical calculation (Appendix 1) it will be seen th a t although no unique solution is possible, some of these quantities can be determined directly, and others by making reasonable assumptions. Those results which can only be calculated after making the assumptions described in Appendix 1 are placed in brackets in table 3. Attention may be drawn to two points of interest for the relation between struc ture and thermal properties:
(1) The increase in space required by the molecules a t higher temperatures, as calculated from the Hnear expansions in table 3, agrees with the increase in ampfitude of atomic vibrations, as calculated from intensities (table 1) . For example, in the case of PtPh, 8L = 0*55 x 10~4/°K, or over the temperature range 290 to 475°K 8L = 1*02 x 10-2. L is approximately 12-5 A, so th a t the increased 'size' of the molecule in this direction is 1-02 x 10~2 x 12-5 A = 013 A. This may be compared with an average amplitude of 0*11 A (table 1) derived from intensity measure ments.
(2) The differences between platinum and hydrogen phthalocyanine can be ascribed to the space requirements of the platinum atoms.
Replacement of the hydrogen by copper makes some difference in a 33, but this is only just outside experimental error (cf. table 2). Restricting the comparison to hydrogen and platinum phthalocyanines, the main difference in the structures arises from the fact th a t the molecules, which are practically identical in size and shape, are differently inclined to the (010) plane. For PtPh, the angle of in clination is 26-5°, as compared with 44-2° for HPh. This difference in inclination is probably due to the larger spatial requirements of the P t atom perpendicular to the plane of the molecule.
The differences in the molecular movements on heating correspond with this difference in structure. Whereas the values of and 8N are of the same order, the changes in orientation of the molecules are such as to diminish the inclination to the (010) plane for HPh, and increase it for PtPh. The effect is to increase the distance of closest approach between nitrogen and carbon atoms in parallel molecules, in H Ph (approx. 1*4 x 10~4 A/°K). In P tP h there is a greater increase in the distance of closest approach between C and N atoms in parallel molecules, and also in the distance between the platinum atoms (approx. 4-3xlO _4/°K ) and between the platinum and N atoms (approx. 2-8 x 10~4/°K). This increased space requirement imposed by the platinum atoms appears to be an im portant thermal effect in the crystal.
Xp, Zp\
Xq,
I
Taking the expansion of H Ph from 90 to 290° K for a specimen calculation, 104a n = 0*65/° K; 104a 33 = 0-24/°K; = 115° = /?-7-2°.
From the known structure of HPh (Robertson 1936 (Robertson , p. 1203 ) the projections of OP on the a axis and on the perpendicular to it in the ac plane are 0-3532 and 0-9347. I t follows th at OP -0-9992 a t 69-3° to the a axis, i.e. at 62-1° to a u (figure 7). Multiplying by a n and a 33 respectively, 104 x projection of P P ' on a u = 0-65 x 0-4675 = 0-3039/° K, 104 x projection of P P ' on a 33 = 0-24 x 0-8831 = 0-2119/° K.
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Thus P P ' =0-3705 at an angle of 34-9° with a n , i.e. 27-2° with OP. Therefore The values of foP, etc. can also be calculated in terms of the molecular movements:
The standard and reflected molecules in the H Ph structure must be taken to gether, as in some cases their movements give an additive shift, and in other cases they cancel. The separate contributions may be listed as follows: {a) 8L (effects additive). L is inclined to 2-3° to Ox and is perpendicular to Oz Hence the contributions are fop = TOO 8 L , 8 zP 8x q = 0.
(b) 8M (effects additive). M is inclined at 44-1° to the ac plane and its projection makes an angle of -2-2° with the z axis. Hence the contributions are
(effects additive). For this calculation a small change e was made in cos iJrM (Robertson 1936 (Robertson ,p. 1203 , cosyM and cosww being changedby and&2e, so th a t M remained perpendicular to L. Neglecting e2, it was found th a t Q underwent a displacement making an angle of -18-4° with the a axis. After correlating e with 8\]rMand so with 80L, the contributions are found to be In addition to these four equations, giving the molecular movements in terms of the expansion of the crystal, a fifth equation is obtained from the expansion in the direction of the b axis. Owing to the relation between the standard and reflected molecules, 8L, 8M and 80N make no contribution to this expansion, and for the mean expansion/0 K a 22 = 8 N-0-0180 L -0-03foiV.
From the first four equations, solutions are obtained for 8L, 80M and 80N for the temperature range 90 to 290° K /sim ilar to those given for the range 290 to 600° K in table 3 above. In addition, a numerical value is obtained for + 80L. Now the arrangement of the molecules in P tP h is such as to suggest 8L = 8M. Adopting this hypothesis, it is possible to solve for 86L, and hence it is also possible to obtain a value for 8N from the fifth equation. Values dependent on this hypothesis are given in brackets in table 3. Values obtained for HPh on the same hypothesis are also given in table 3. Actually the structure of H Ph is somewhat different from th a t of PtPh, and an alternative hypothesis would be to put 8M intermediate between 8N and 8L, e.g. 8M = \ (8N + 8L) . This does not make much difference to the figures in brackets in table 3, and thus verifies th a t these are likely to be near the truth. 
